In acidic forest soils, availability of inorganic nutrients is a tree-growth-limiting factor. A hypothesis to explain sustainable forest development proposes that tree roots select soil microbes involved in central biogeochemical processes, such as mineral weathering, that may contribute to nutrient mobilization and tree nutrition. Here we showed, by combining soil analyses with cultivation-dependent analyses of the culturable bacterial communities associated with the widespread mycorrhizal fungus Scleroderma citrinum, a significant enrichment of bacterial isolates with efficient mineral weathering potentials around the oak and beech mycorrhizal roots compared to bulk soil. Such a difference did not exist in the rhizosphere of Norway spruce. The mineral weathering ability of the bacterial isolates was assessed using a microplaque assay that measures the pH and the amount of iron released from biotite. Using this microplate assay, we demonstrated that the bacterial isolates harboring the most efficient mineral weathering potential belonged to the Burkholderia genus. Notably, previous work revealed that oak and beech harbored very similar pHs in the 5-to 10-cm horizon in both rhizosphere and bulk soil environments. In the spruce rhizosphere, in contrast, the pH was significantly lower than that in bulk soil. Because the production of protons is one of the main mechanisms responsible for mineral weathering, our results suggest that certain tree species have developed indirect strategies for mineral weathering in nutrient-poor soils, which lie in the selection of bacterial communities with efficient mineral weathering potentials.
In acidic forest soils, availability of inorganic nutrients is a tree-growth-limiting factor. A hypothesis to explain sustainable forest development proposes that tree roots select soil microbes involved in central biogeochemical processes, such as mineral weathering, that may contribute to nutrient mobilization and tree nutrition. Here we showed, by combining soil analyses with cultivation-dependent analyses of the culturable bacterial communities associated with the widespread mycorrhizal fungus Scleroderma citrinum, a significant enrichment of bacterial isolates with efficient mineral weathering potentials around the oak and beech mycorrhizal roots compared to bulk soil. Such a difference did not exist in the rhizosphere of Norway spruce. The mineral weathering ability of the bacterial isolates was assessed using a microplaque assay that measures the pH and the amount of iron released from biotite. Using this microplate assay, we demonstrated that the bacterial isolates harboring the most efficient mineral weathering potential belonged to the Burkholderia genus. Notably, previous work revealed that oak and beech harbored very similar pHs in the 5-to 10-cm horizon in both rhizosphere and bulk soil environments. In the spruce rhizosphere, in contrast, the pH was significantly lower than that in bulk soil. Because the production of protons is one of the main mechanisms responsible for mineral weathering, our results suggest that certain tree species have developed indirect strategies for mineral weathering in nutrient-poor soils, which lie in the selection of bacterial communities with efficient mineral weathering potentials.
The mobilization of nutrients via the biotic and abiotic weathering of soil minerals is crucial to satisfying plant nutritional needs (2, 17) , especially in acidic forest soils, which are mainly nonfertilized and nutrient poor. Besides the physicochemical weathering reactions, evidence is presently accumulating which indicates that certain soil bacterial strains increase mineral weathering and improve tree nutrition (5, 9, 32, (39) (40) (41) .
By way of their root exudates, plants alter the structure and activity of microbial communities (6, 25, 51) and selectively favor certain ones that are potentially beneficial to them (15, 16, 21, 45, 46) . A hypothesis for sustainable forest development proposes that tree roots select from the soil efficient mineral weathering bacterial communities that may contribute to nutrient mobilization and tree growth (20) . In this manner, recent studies (10, 46) have revealed that the oak-Scleroderma citrinum ectomycorrhizal symbiosis selects bacterial communities that are more efficient in mineral weathering than those of the surrounding soil, suggesting that the mycorrhizal symbiosis has an indirect effect on plant nutrition through its selective pressure on the functional diversity of the mycorrhizosphere bacterial communities.
Distinct impacts of the tree species on the soil bacterial community structure have been previously reported (23, 38) , suggesting that the composition and activity of soil bacterial communities depend on tree physiology and notably on its impact on the soil physicochemical properties and nutrient cycling (24, 26, 37) . However, no study has ever addressed the question of the impact of tree species on the structure of forest soil bacterial communities involved in mineral weathering. This question regarding the impact of tree species on the functional diversity of the bacterial communities remains a major issue in forestry, especially in the context of today's climate change, which will give rise to a shift in the spatial distribution of forest tree species.
To appreciate the effect of tree species on mycorrhizosphere bacterial communities, we focused on a single but ubiquitous mycorrhizal fungus, S. citrinum, which forms mycorrhizae with different tree species. Since no functional genes have been identified to date, a cultivation-dependent analysis was developed in this study. A total of 155 bacterial isolates were randomly chosen among a collection of 400 bacterial isolates from the soil-Scleroderma citrinum mycorrhiza interface (ectomycorrhizosphere), the extramatrical mycelium (hyphosphere), and the surrounding soil (bulk soil) in 28-year-old stands of oak (Quercus sessiliflora Smith), beech (Fagus sylvatica L.), and Norway spruce (Picea abies Karst.). The mineral weathering potential of each bacterial isolate was evaluated by way of an in vitro microplate assay, putting in interaction a calibrated bacterial suspension and the biotite, a mineral widespread in soils (46) . The bacterial isolates were genotypically characterized by amplifying and sequencing a portion of the 16S rRNA gene. Their mineral weathering efficiencies and the functional structure of the bacterial communities were compared with the physicochemical characteristics of the surrounding soil.
MATERIALS AND METHODS
Experimental site and soil properties. The samples were collected at the Breuil-Chenue experimental forest site, established in 1976, in the Morvan (47°18ЈN, 4°5ЈE; France). The forest is situated on a plateau at an altitude of 638 m, on a slight, northwest-facing slope. The mean annual air temperature is 9°C, and the annual precipitation averages 1,280 mm year
Ϫ1
. The native forest was clear felled and replaced by monospecific plantations distributed in plots of 0.1 ha of different species, such as oak (Quercus sessiliflora Smith), beech (Fagus sylvatica L.), and Norway spruce (Picea abies Karst.). The soil of the native forest is a "Typic dystrochrept" (49) developed on the "Pierre qui Vire" granite (42) . It has a sandy-loam texture (60% sands and less than 20% clays) and is acidic ( Table 1 ). The cation exchange capacity and the base cation saturation are very low and decrease with depth (Table 1 ). This soil is very sensitive to acidification and nutrient deficiencies. The rhizosphere soil is significantly more acidic than the bulk soil for the Norway spruce, while no pH difference is observed between the bulk and the rhizosphere soils for oak stand (Table 2) (11, 38) and for beech stand (data not shown).
Collection of bacterial strains. Soil samples and Scleroderma citrinum ectomycorrhizae were collected in autumn under four sporocarps of S. citrinum (approximately 5 m apart) associated with different trees and at 5 to 10 cm in the organo-mineral horizon under oak, beech, and spruce stands. The ectomycorrhizal fungal species S. citrinum was chosen because it is a ubiquitous fungus, widely distributed in the experimental forest site and colonizing all the oak, beech, and spruce stands. Moreover, its mycorrhizae can be unambiguously identified in situ because of its color, morphology, and typical smell. In the experimental forest site, an inventory of the epigeous sporocarps, performed three times each autumn during 5 years, revealed 138 ectomycorrhizal species. Among them, S. citrinum represents the 9th most abundant (8) . Metagenomic analysis of the soil fungal communities confirmed that this fungus represented a major species (8) . Furthermore, this fungal species was targeted because in vitro assays showed that it was not efficient for mineral weathering (10) .
The bacterial strains were isolated from three compartments, as follows: (i) bulk soil, i.e., soil remaining after picking out the roots and the extramatrical mycelium of S. citrinum aggregated in thick white strands; 50 mg of fresh bulk soil was suspended in 1 ml sterile distilled water and shaken manually (five times up and down), and the resulting suspension was called "N"; (ii) hyphosphere soil, i.e., the extramatrical mycelium of S. citrinum; 20 mg of extramatrical mycelium collected only under beech and spruce stands (no extramatrical mycelium was detected under oak stand) were suspended in 1 ml sterile distilled water and manually shaken (five times up and down), and the resulting suspension was called "MY"; (iii) ectomycorrhizosphere soil, i.e., soil adherent to oak/beech/ spruce-S. citrinum ectomycorrhizae; 20 mg of fresh ectomycorrhizae were manually shaken in order to remove the nonadherent soil particles, and then the ectomycorrhizae were suspended in 1 ml sterile distilled water and manually shaken (five times up and down); the resulting suspension was called "ML." One milliliter of each suspension (N, ML, or MY) was sampled, and serial dilutions were spread onto a tryptic soy agar (TSA) medium (10%). Plates were incubated at 25°C for 7 days. The bacterial isolates were purified by three successive platings on TSA (10%). A total of 400 bacterial strains were isolated from the bulk soil (PN), the hyphosphere (PMY), and the soil-mycorrhiza interface (PML). For the present study, 56 to 59 bacterial strains isolated from the beech and spruce stands, respectively, were subsampled at random among the whole collection in the three soil compartments. For the oak bacterial collection, a total of 40 bacterial isolates from the bulk soil (PN) and the ectomycorrhizosphere (PML) were tested. All the bacterial isolates used in this study were cryopreserved at Ϫ80°C in 20% glycerol and then cultivated on 1/10-strength TSA medium (tryptic soy broth from Difco, 3 g ⅐ liter Ϫ1 , and agar, 15 g ⅐ liter
) at 25°C.
Mineral weathering potential of bacterial isolates. The mineral weathering assay was performed as described by Uroz et al. (46) . Briefly, bacterial isolates were cultivated overnight in liquid LB medium (50) . Two milliliters of each culture was washed three times with sterile ultrapure water. The absorbance of each resulting suspension at 600 nm was then adjusted between 0.8 and 1. Twenty microliters of each suspension was transferred into a well of a sterile MultiScreen microplate (MAGVN22, 0.22-m pore size; Millipore) containing 10 mg of 200-to 500-m sterile particles of biotite and 180 l of sterile Bushnell-Hass medium For each bacterial strain, eight wells were filled with the same inoculum (four wells for pH determination and four wells for iron measurement). In each experiment, eight wells were used as a control without bacteria: these wells received only 200 ml of Bushnell-Hass medium lacking iron. The two reference strains of Burkholderia, PN3(3) and PML1(4), were used as negative and positive controls, respectively, in each experiment (46 ). The iron concentration was used as a weathering indicator because we previously demonstrated that the biotite used has a stoichiometric dissolution under our experimental conditions. The pH and the amount of iron released from biotite in the solution were both determined at A 595 with a Bio-Rad model 550 microplate reader, as described by Uroz et al. (46) . Molecular identification of bacterial isolates. The 16S rRNA gene amplification of the bacterial isolates was performed using the universal primers pA (5Ј-AGAGTTTGATCCTGGCTCAG-3Ј) and pH (5Ј-AAGGAGGTGATCCA GCCGCA-3Ј), which allowed amplification of almost the entire gene (ca. 1,500 bp) (19) . PCRs were performed in 50-l (total volume) mixtures containing 1ϫ PCR master mix (Eppendorf), 0.1 M primers, and 1 l cell extract (7). Cell extract was prepared by adding one colony of each isolate to 100 l of sterile water. The following temperature cycle was used: initial denaturation for 5 min at 95°C, followed by 30 cycles of 1 min of denaturation at 95°C, 1 min of annealing at 56°C, and 1.5 min of extension at 72°C and then a final extension at 72°C for 10 min. PCR products were purified and concentrated using a Qiaquick gel extraction kit (Qiagen). The sequencing reaction was performed using the multicapillary Beckman CEQ 8000XL automated sequencer system. The sequencing primer used was 518r (5Ј-ATTACCGCGGATGCTGG-3Ј) (29) . The sequences were compared with the sequences in the GenBank databases (www .ncbi.nlm.nih.gov.BLAST), using the BLAST program (1) .
Phylogenetic analysis. The partial 16S rRNA gene sequences (ca. 450 bp) of the bacterial isolates were aligned with previously described 16S rRNA gene sequences of alpha-, beta-, and gammaproteobacteria and Gram-positive bacteria (Firmicutes and Actinobacteria) using Clustal X (version 1.8) (43) . Phylogenetic algorithms were obtained, and tree design (DNA-DIST, NEIGHBOR, and SEQBOOT) was performed using the PHYLIP software package (version 3.65; J. Felsenstein, University of Washington, Seattle, WA [http://evolution.genetics .Washington.edu/phylip.html]). A bootstrap analysis was based on 1,000 replicates.
Statistical analysis. The effects of the compartment of origin (bulk soil, hyphosphere, or ectomycorrhizosphere) and tree species (oak, beech, and Norway spruce) on the mineral weathering potential (acid compound production and iron mobilization) of the bacterial isolates were determined by analysis of variance (ANOVA) at a threshold level of P ϭ 0.05 using the Superanova software program (Abacus Concepts, Inc., Berkeley, CA). The proportion of bacterial isolates per class, differing in their ability to acidify the medium or to release iron from biotite, were compared between the different isolate origin compartments using a 2 test (P ϭ 0.05). Nucleotide sequence accession numbers. The sequences determined in this study have been deposited in the GenBank database under accession numbers GU302310 to GU302418.
RESULTS AND DISCUSSION
Understanding the role of tree-microorganism-soil interactions in governing nutrient availability in the ectomycorrhizosphere should allow us to better comprehend forest ecosystem functioning and sustainability. Here we tested the hypothesis that certain tree species develop indirect strategies for nutrient mobilization in nutrient-poor forest soils, consisting in the selection of soil bacterial communities with high mineral weathering potential. To our knowledge, this is the first time that the impact of tree species on the bacterial mineral weathering function has been tested.
The 16S rRNA gene sequences obtained from the bacterial isolates from the oak, beech and spruce stands revealed that these bacterial isolates belonged to the alpha-, beta-, and gammaproteobacteria and to the Gram-positive (Firmicutes and Actinobacteria) lineages. The 16S rRNA gene sequences exhibited high homology (95 to 100%) with sequences of environmental bacteria belonging to the genera Burkholderia, Bacillus, Collimonas, Dyella, Labrys, Mycobacterium, Nocardia, Paenibacillus, and Staphylococcus ( Fig. 1 and 2 ). Gram-negative and Gram-positive bacteria were both clustered in four groups ( Fig. 1 and 2 ). Gram-positive (clusters E, F, G, and H; Fig. 2 ) and gammaproteobacterial (cluster B) groups comprised isolates obtained mainly from the bulk soil. On the other hand, cluster A contained one alphaproteobacterium obtained from the mycorrhizosphere (PML). Cluster C contained one sequence strongly related to that of collimonads. Interestingly, collimonads coming from the same experimental site have been noted for their efficient mineral weathering ability (31, 46, 47) . A metagenomic analysis performed on the same experimental site showed that the betaproteobacteria, composed mainly of Burkholderia and Collimonas, accounted for about 2 to ca. 5% of the total number of sequences in the bulk soil and rhizosphere environments, respectively (48) . The genus occurring most frequently in this study, whatever the tree species, was Burkholderia and corresponds to cluster D. This genus represented 58% of the bulk soil isolates and 92% of the ectomycorrhizosphere isolates. Strains of the Burkholderia genus have been found previously to constitute the dominant cultivated bacterial genus associated with ectomycorrhizal fungi and forest soils (3, 18, 36) and to harbor mineral weathering abilities (46) . Similar taxonomic groups were detected for the three tree species.
About half of the bacterial isolates tested significantly acidified the microplate solution regardless of the tree species of the stand where they came from (Fig. 3) . The most efficient isolates generated a decrease in the pH of the microplate solution from 6.5 to 3.2 in 48 h. It should be kept in mind that production of protons is one of the main factors influencing mineral stability (43) . Moreover, Carrillo et al. (12) demonstrated that inoculation of cardon seedlings with a strain of Azospirillum brasilense enhanced acidification of the rhizosphere as well as plant growth in poor desert soil microcosms. About two-thirds of the bacterial isolates were also able to release iron from biotite (Fig. 4) . The most efficient isolates released ca. 2 mg liter Ϫ1 of iron. With the biotite dissolution being stochiometric under our experimental conditions (46) , the iron values obtained are good estimates of the total dissolution of the biotite and of the weathering efficacy of the bacterial strains. These results highlight that bacteria with efficient mineral weathering potentials are widespread in forest soils regardless of the tree species.
We pointed out the strong ability of certain strains belonging to the Burkholderia genus (Fig. 4) to weather biotite. The mineral weathering efficacy of strains of the Burkholderiales was previously reported for other minerals, such as apatite, basalt, and granite (33, (52) (53) . We also revealed that the weathering potential varies greatly depending on the isolates: about 40% of the isolates belonging to the Burkholderia genus did not weather biotite under our experimental conditions (Fig. 4) . These results highlight that within the Burkholderia genus, a certain functional plasticity may exist concerning the weathering ability of these bacteria. Recent genomic advances have made it evident that Burkholderia strains are capable of flexibility, plasticity, and versatility, making them highly adaptable to various niches (14, 44) .
The culturable bacterial strains isolated from the S. citrinum ectomycorrhizosphere of oak and beech appeared significantly more efficient in acidifying and releasing iron from biotite than those from the surrounding soil as determined by a one-factor (origin) ANOVA (P ϭ 0.05) and the Bonferroni-Dunn test (Table 3) . Moreover, the proportion of culturable bacterial strains able to acidify and to mobilize iron from the biotite was significantly higher in the S. citrinum ectomycorrhizosphere of oak and beech than in the bulk soil ( Fig. 3 and 4) , suggesting a niche effect. Notably, the culturable bacterial isolates from the S. citrinum hyphosphere of beech appeared significantly more efficient in releasing iron from biotite than those from the surrounding soil as determined by a one-factor (origin) ANOVA (P ϭ 0.05) and the Fisher test, suggesting an impact of the mycorrhizal fungus on the bacterial communities. No significant differences were observed between the bacterial isolates from the S. citrinum hyposphere and those from the ectomycorrhizosphere. As regards the Burkholderia genus, 83% of the strains isolated in the bulk soil did not weather the biotite, while 89% of the strains isolated in the ectomycorrhizosphere weathered the biotite regardless of the tree species (Fig. 4) . All together, these results reveal that the S. citrinum mycorrhizal roots associated with oak and beech structure the functional diversity of the soil bacterial community by selecting in their vicinity bacterial strains potentially able to weather the minerals, which may thus contribute to improving tree nutrition and growth. This hypothesis has already been partly confirmed, since Calvaruso et al. (10) demonstrated that a Burkholderia glathei strain from the oak-S. citrinum ectomycorrhizosphere, sampled in 2001 in the same experimental forest site, significantly improved Scots pine seedling nutrition and growth under controlled conditions because of its effects on the weathering of biotite (i.e., mobilization of K and Mg). Similarly, Koele et al. (27) showed that coinoculating S. citrinum and a Collimonas strain significantly improved the pine biomass compared to that of noninoculated pine plants. Finally, Puente et al. (40) (41) demonstrated that rhizosplane and endophytic bacteria, by releasing significant amounts of nutrients from rocks, promoted the growth of cactus seedlings.
The impact of the S. citrinum ectomycorrhizosphere on the The bacterial isolates used in this study were designated based on their origins. The PN isolates from the bulk soil and the PML isolates from the mycorrhizosphere came from the oak stand. The bacterial isolates preceded by the letter E (EPN and EPML) came from the spruce stand.
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composition of the soil bacterial communities observed in our study is in accordance with results from previous works which compared the functional diversity of bacterial communities isolated from bulk soil and oak-S. citrinum ectomycorrhizosphere in the same experimental forest site and during the same autumn season but 4 years earlier (10, 46) . Interestingly, the Burkholderia genus was also the main taxonomic group detected at this sampling time (46) . Contrary to the studies of Berardesco et al. (4) and Grayston et al. (22) , which have revealed a high temporal variation in the functional and metabolic diversity of bacterial communities, here we have revealed that the functional structure of culturable bacterial communities in soil in relation to the mineral weathering process is stable during a 2-year period, suggesting a temporal stability of the bacterial communities in the forest ecosystem considered. Similarly, Krave et al. (28) previously demonstrated a seasonal stability of bacterial diversity in the mineral soil horizon in nutrient-poor soils intensively reforested with Pinus merkusii, even though the soil moisture level greatly varied during the year. To explain the interannual temporal stability we observed, we propose that the structure effect of S. citrinum ectomycorrhizal symbiosis on the functional diversity of the culturable bacterial communities in soil is a functional requirement strongly linked to the strategy that certain tree species may have developed for improving their mineral nutrition. This hypothesis is supported by previous results of FreyKlett et al. (20) with another species of mycorrhizal fungus. These authors demonstrated in a different context (9-month seedlings of Douglas fir-Laccaria bicolor S238N) that the Douglas fir-Laccaria bicolor ectomycorrhizal symbiosis also selects Pseudomonas fluorescens isolates likely to be beneficial to the nutrition of Douglas fir seedlings due to their efficacy in mobilizing phosphorus and iron. Contrary to the case with oak and beech stands, in the Norway spruce stand no significant difference in terms of acidification and iron mobilization potentials was observed between bacterial strains isolated from the S. citrinum ectomycorrhizosphere, hyposphere, and bulk soil (Table 3 ; Fig. 2 and  3 ). Regarding the Burkholderia genus, the percentage of strains able to weather biotite is about 50% in the bulk soil and in the ectomycorrhizosphere (Fig. 3) . This reveals for the first time that the structuring effect of the S. citrinum ectomycorrhizal symbiosis on the functional diversity of soil bacterial communities depends on the tree species. In a previous study carried out in the same experimental site as detailed in this study, Lejon et al. (30) demonstrated differences in bacterial density and community composition between oak and Norway spruce. According to these authors, these differences result mainly from soil physicochemical characteristics linked to tree functioning, which are very distinct between oak and Norway spruce. Notably, Colin-Belgrand et al. (13) and Zeller et al. (54) , who investigated the effect of tree species on nitrogen transformations in the Breuil site, clearly demonstrated that the amounts of nitrate produced during mineralization were lower in the Norway spruce stand than those measured in oak and beech stands. The presence of large amounts of ammonium in the vicinity of Norway spruce roots, resulting from a strong ammonification, allows this species to consume mainly nitrogen in this form. To balance this uptake of positive charges, Norway spruce roots thus exudate large amounts of protons (35) , resulting in a decrease in the soil pH in the rhizosphere of Norway spruce, as observed by Calvaruso et al. (Tables 2 and 3 ). These authors demonstrated that due to this massive production of protons by the roots, the dissolution of clay-size minerals, the soil fraction that is the most reactive and the richest in nutrients, is higher in the rhizosphere of Norway spruce than in that of oak in the Breuil site ( Table 2 ).
All together, these results suggest that differential impacts of tree species on the structure of culturable mineral weathering bacterial communities could be linked to the nutrient availability rate in the soils under the different tree species. To conclude, our study highlights the presence of bacterial strains harboring efficient mineral weathering potential in the soil surrounding the trees regardless of the tree species considered. However, an enrichment of efficient mineral weathering bacteria was observed in the S. citrinum ectomycorrhizosphere of oak and beech but not of Norway spruce. A detailed analysis showed that the Burkholderia isolates were the most abundant and among the most efficient mineral weathering bacteria regardless of the tree species considered, suggesting that they are well adapted to nutrient-poor and acidic environments. Finally, our study demonstrates the temporal stability of the functional structure of culturable soil bacterial communities under oak stands. All these observations suggest that certain forest tree species have at their disposal a very effective strategy to balance low-nutrient availability in soils through the selection of efficient mineral weathering bacterial communities in their vicinity. Complementary studies will be necessary to determine by which mechanism(s) trees can select bacterial ; black, Fe Ն 1 mg liter
Ϫ1
. The proportion of bacterial isolates in each of these four classes was significantly different between the bulk soil and the ectomycorrhizosphere for oak and beech species only, according to a 2 test (P Ͻ 0.05).
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on July 31, 2017 by guest http://aem.asm.org/ strains favorable to their nutrition and to study the impact of other ectomycorrhizal species on the structure of the mineral weathering bacterial communities. 
